Although reduced fetal growth in response to hypoxia has been appreciated for decades, we have a poor understanding of the effects of hypoxia on embryonic development and the underlying cellular and molecular mechanisms. Here we show that hypoxia treatment not only resulted in embryonic growth retardation but also caused significant delay in developmental zebrafish ͉ heart development ͉ craniofacial skeleton ͉ morphogenesis ͉ oxygen H ypoxic stress causes major metabolic changes in all organisms requiring oxygen. Hypoxic stress also influences fetal growth and development and the pathogenesis of several human diseases, including intrauterine growth restriction (IUGR) (1-3). Reduced birth weight is also observed at high altitudes (4). IUGR not only increases fetal and neonatal morbidity and mortality, but also increases the risk of having adult diseases, such as cardiovascular disease, type-2 diabetes, obesity, and hypertension (5).
H
ypoxic stress causes major metabolic changes in all organisms requiring oxygen. Hypoxic stress also influences fetal growth and development and the pathogenesis of several human diseases, including intrauterine growth restriction (IUGR) (1) (2) (3) . Reduced birth weight is also observed at high altitudes (4) . IUGR not only increases fetal and neonatal morbidity and mortality, but also increases the risk of having adult diseases, such as cardiovascular disease, type-2 diabetes, obesity, and hypertension (5) .
Recent evidence suggests that hypoxia may influence fetal growth through its connection to the insulin-like growth factor (IGF) signaling system. IGFs are well known fetal growth factors (6) (7) (8) (9) . Several groups have reported that the circulating level of IGF-binding protein (IGFBP)-1, a secreted protein that binds to IGF in extracellular environments, is elevated in IUGR fetuses (10) (11) (12) and that there is a striking inverse correlation between IGFBP-1 levels and fetal size (13) . In addition, higher maternal serum IGFBP-1 levels are found at higher altitude (14) . In vitro studies with cultured human cells and in vivo studies with mammalian animal models suggest that IGFBP-1 gene expression is elevated in hypoxic conditions (15) (16) (17) and that this up-regulation is mediated through the hypoxia-inducible factor (HIF)-1 pathway (16) . Because IGFBP-1 binds IGFs with high affinity and inhibits IGF activities on cell growth in vitro (18, 19) and because IGFBP-1-overexpressing transgenic mice had reduced birth weight (20) (21) (22) , it was postulated that the elevated IGFBP-1 plays a major role in hypoxia-caused IUGR by binding fetal IGFs and inhibiting their growth-promoting activities (3, 16, 17) . This appealing model, however, has not been directly tested in vivo, and a causative relationship between the elevated IGFBP-1 expression and IUGR has not been established. Moreover, the impact of hypoxia on early developmental processes, such as morphogenesis, is poorly understood, and the role of IGFBP-1, if any, in mediating the hypoxic effects on embryonic development is unknown.
The zebrafish has now become an informative vertebrate model organism for the study of IGF signaling in early development (23) . Zebrafish embryos develop externally, eliminating the complication of maternal compensation. Fast developing and transparent zebrafish embryos make it possible to manipulate environmental factors and observe the phenotypic changes in organ formation in real time. Furthermore, major components of the zebrafish IGFsignaling pathway, including IGF ligands, receptors, IGFBPs, and intracellular signal transduction network components, have been characterized, and they are highly conserved (23) (24) (25) (26) . Therefore, information gained from studying this unique animal model will not only provide new insight into zebrafish developmental biology but will also deepen our understanding of growth and developmental regulation in vertebrates in general.
The objective of this study was to determine the effects of hypoxia on embryonic development and growth and to examine the role of IGFBP-1 in mediating these hypoxic effects by using zebrafish embryos. Our studies suggest that hypoxia causes embryonic growth retardation and developmental delay and that IGFBP-1 plays a key role in mediating these hypoxic effects.
eggs were raised in embryo medium at 28.5°C and staged according to Kimmel et al. (27) . To inhibit embryo pigment formation, embryo medium was supplemented with 0.003% (wt͞vol) 2-phenylthiourea. The dissolved oxygen level of the system water under ambient conditions (normoxia) was Ϸ6.5 Ϯ 0.5 mg͞liter. For the hypoxia treatment, oxygen level was reduced to 0.6 Ϯ 0.1 mg͞liter (hypoxia) by bubbling nitrogen gas into water. After embryos of various stages were transferred, the container was sealed and the dissolved oxygen levels were monitored by a dissolved oxygen meter (SonTek͞YSI model 58, Fisher Scientific). After 18-24 h of hypoxia treatment, the embryos were fixed in 4% paraformaldehyde in 1ϫ PBS and stored at Ϫ20°C in 100% methanol or frozen in liquid nitrogen and stored at Ϫ80°C for further analysis.
Whole-Mount in Situ Hybridization and RT-PCR Analysis. Wholemount in situ hybridization with digoxigenin-labeled RNA riboprobe was performed as reported in ref. 25 . For RT-PCR analysis, total RNA was extracted by using TriReagent (Molecular Research Center, Cincinnati). After DNase treatment (Invitrogen), the RNA (2.5 g) was reverse-transcribed with random hexamer primers and SuperScript II reverse transcriptase (Invitrogen). Sequences of primers used for RT-PCR are shown in Table 1 , which is published as supporting information on the PNAS web site. PCR cycles and amounts of templates were optimized for each primer set in pilot experiments. PCR cycles were as follows: 94°C for 2 min, 32 cycles (IGFBP-5 and IGF-2) or 35 cycles (IGFBP-1, IGFBP-2, IGFBP-3, IGF-1, and IGF-1 receptor-a) of 94°C for 30 sec, 57°C for 30 sec, and 72°C for 1 min. PCR products were analyzed by electrophoresis followed by ethidium bromide staining. The levels of ornithinedecarboxylase mRNA was measured and used as an internal control (28) .
Determining the IGFBP-1 Gene Structure. The zebrafish IGFBP-1 genomic structure was determined by searching the zebrafish genome database and PCR analysis. Genomic DNA isolated from adult zebrafish (AB-line) was used for genomic PCR analysis. The amplified PCR product was subcloned to PCR2.1-TOPO vector (Invitrogen) and sequenced.
Morpholino Knockdown. Two MOs were designed for targeting IGFBP-1 exon1͞intron1 and exon3͞intron 3 boundaries, and a standard control MO was used in all experiments (Table 2, which is published as supporting information on the PNAS web site). The MOs were dissolved in 1ϫ Danieau Solution (27) and injected into 1-2 cell stage embryos by using a PV830 pneumatic pico pump and glass pipettes (World Precision Instruments, Sarasota, FL). To determine the efficiency and specificity of MO knockdown, total RNA was extracted from the injected embryos at various time points and RT-PCR was conducted as described above. The IGFBP-1 PCR products were subcloned into PCR2.1-TOPO vector (Invitrogen) and sequenced.
Overexpression of IGFBP-1. A DNA fragment containing the entire ORF of zebrafish IGFBP-1 was generated by PCR with a primer set (5Ј-GGC GGATCC GCC GCC ACC ATG AAC AGA CTG CTT CTG-3Ј͞5Ј-CCC GGA TCC GTG GTT GAG TTC CTC GGG-3Ј). This DNA fragment was subcloned into the pCS 2ϩ vector to generate the IGFBP-1-EGFP fusion protein. Statistics. Values are expressed as means Ϯ SE. Differences among groups were analyzed by one-or two-way ANOVA followed by Fisher's protected least significant difference by using STATVIEW software (SAS Institute, Cary, NC). Significance was accepted at P Ͻ 0.05.
Results
Hypoxia Causes Growth Retardation and Developmental Delay in Zebrafish Embryos. As shown in Fig. 1 A and B , 24-h hypoxia treatment significantly decreased the body length. Hypoxia treatment also caused a significant reduction in the development rate, as indicated by the reducing head-trunk angles (HTA) (Fig.  1C) , which is a quantitative parameter for determining the developmental stage 24-48 hpf (i.e., during the pharyngula period) (27) . Based on the HTA data, 48-hpf embryos in the hypoxia group were developmentally equivalent to control embryos at 32 hpf. Similar experiments were carried out by using 6-hpf embryos. Hypoxia treatment for 18 h significantly reduced the somite number from 30.2 Ϯ 1.0 (n ϭ 38) of the control group to 21.4 Ϯ 0.7 (n ϭ 42, P Ͻ 0.001) of the hypoxia group. The somite number is used for staging embryos 10-24 hpf (i.e., during the segmentation period) (27) . Embryos at 24 hpf in the hypoxia group were therefore developmentally equivalent to control embryos at 19.5 hpf.
We next investigated the effect of hypoxia on heart morphogen- esis by examining the mRNA expression pattern of nkx 2.5, a cardiac marker (31) . In zebrafish, the shape of the heart changes from a tube-like structure to a looped structure between 24 and 48 hpf under normoxia (Fig. 1D Upper) . Under hypoxia, this looping process was significantly delayed. As shown in Fig. 1D , embryos exposed to hypoxia have yet to complete the cardiac looping, and their hearts remained a tube structure at 48 hpf, resembling that of the control embryos at 32 hpf. The appearance of pharyngeal arches is another well timed morphogenesis event in the pharyngula period and can be monitored by the mRNA expression patterns of dlx 2, a homeobox transcription factor (27) . Under normoxia, dlx 2 expression was detected in the primordial region of the budding mandibular ( Fig. 1D Lower, arrow heads) and hyroid arches ( Fig.  1D Lower, arrows) at 32 hpf. At 48 hpf, embryos developed distinct branchial arches. In comparison, the mandibular arch and hyroid of embryos on the hypoxia group were located far posterior to the forebrain at 48 hpf, similar to embryos of the normoxia group at 32 hpf. These results suggest that hypoxia not only results in growth retardation but also causes significant delay in embryonic development and the timing of heart and head skeleton morphogenesis.
Hypoxia Significantly Increases IGFBP-1 mRNA and Protein Levels. The IGFBP-1 mRNA expression levels were low under normoxia in all examined stages ( Fig. 2A) . Hypoxia treatment increased IGFBP-1 expression in different spatial domains at different developmental stages. In early embryos (24 and 48 hpf), hypoxia stimulated ubiquitous expression of IGFBP-1. In advanced embryos (72 and 96 hpf), the hypoxia-induced and basal IGFBP-1 expression became liver-specific ( Fig. 2 A Lower) . Semiquantitative RT-PCR analysis showed that hypoxia significantly increased IGFBP-1 mRNA levels at all of the time points examined ( Fig. 2 B and C) . Ligand blotting analysis revealed that the increase in IGFBP-1 mRNA levels was accompanied by increased functional IGFBP-1 protein levels ( Fig.  2 D and E) . No significant changes in the expression levels of IGFBP-2, IGFBP-3, IGFBP-5, IGF-1, IGF-2, and IGF-1 receptor-a were detected (Fig. 2B ). These data suggest that hypoxia treatment significantly increased IGFBP-1 mRNA and protein levels but not those of other components of the IGF-signaling system.
Knockdown of IGFBP-1 Abrogates Hypoxia-Induced Growth Retardation and Developmental Delay. Splice-site-targeting MOs have been proven to be an efficient and specific way to ''knock down'' targeted genes in zebrafish embryos by altering premRNA splicing (28) . This approach has the advantage of being verifiable by RT-PCR and thus eliminates the need for specific antibodies. To design specific MOs, we first determined the zebrafish IGFBP-1 gene structure by searching the zebrafish genome database followed by genomic PCR and sequencing analysis. The zebrafish IGFBP-1 gene spans 5 kb in the genome (Fig. 3A) and is composed of four exons (exon 1, 465 bp; exon 2, 158 bp; exon 3, 129 bp, and exon 4, 254 bp) and three introns (intron 1, 621 bp; intron 2, Ϸ3,199 bp; and intron 3, 212 bp). Two MOs were designed to target the IGFBP-1 exon 1͞intron 1 and exon 3͞intron 3 boundaries, respectively. Each MO was injected into embryos at various doses (0.5, 1, 2, 4, 8, and 16 ng) and the successful knockdown was confirmed by RT-PCR. The results showed that injection of IGFBP-1 MO1 (the exon 1͞intron 1 MO) at doses Ͼ1 ng resulted in the reduction of endogenous IGFBP-1 (387 bp) and an aberrant splice form (1,008 bp) (Fig. 3B) . The knockdown effect lasted until at least 96 hpf (Fig. 3C) . The exon 3͞intron 3 MO2 also efficiently altered splicing, although a higher dose was required (data not shown). Zebrafish IGFBP-1 consists of 262 amino acids, including a 25-aa signal peptide and a 237-aa mature protein that can be divided into a N-terminal domain, middle linker domain, and C-terminal domain (26) . Sequence analysis of the altered splicing product revealed an insertion of 621 bp into intron 1, which caused a reading-frame shift and introduced a premature stop codon (Fig. 3D) . As a result, the encoded protein is 125 aa and therefore lacks part of the middle linker domain and all of the C-terminal domain. This truncated IGFBP-1 is predicted to be nonfunctional, because deletion of the C-terminal 20 aa or residue changes in this region completely abolish IGF binding (32) . This MO knockdown of IGFBP-1 is highly specific given that RT-PCR analysis revealed that there were no aberrant splice forms nor significant changes in the abundance of other IGFBPs, including IGFBP-2, IGFBP-3, and IGFBP-5 (Fig. 6 , which is published as supporting information on the PNAS web site).
To test whether the elevated IGFBP-1 plays any role in mediating hypoxia-induced growth and developmental retardation, the IGFBP-1 MO1 or control MO was injected into embryos at the 1-to 2-cell stage. As shown in Fig. 4A , the hypoxia treatment caused severe growth retardation and developmental delay indicated by the smaller body size and reduced HTA. Knockdown of IGFBP-1 alleviated these hypoxic effects by 43-54% and 48-65%, based on the body length and HTA data (Fig. 4 B and C) . Injection of MO2 had similar effects. Embryos in the IGFBP-1 knockdown group under normoxia were morphologically indistinguishable from those of the control group under normoxia (Fig. 4 B and C) , suggesting that knockdown of IGFBP-1 had little effect in growth and development under normoxia. This observation also indicates that the IGFBP-1 MO at the concentration used had little, if any, side effect.
Overexpression of IGFBP-1 Inhibits Embryonic Growth and Development Under Normoxia and Restores the Hypoxic Effects in the Knockdown Background.
To further test the hypothesis through a gainof-function approach, we generated an IGFBP-1-EGFP expression construct. The transcript resulting from this construct is intronless and therefore resistant to the IGFBP-1 MOs. Western immunoblotting analysis with a GFP antibody detected a major band at 55 kDa, corresponding to the IGFBP-1-EGFP fusion protein in these embryos (Fig. 5A Left) . This protein was not detected in wild-type or vector-injected embryos. Western ligand blotting analysis indicated that IGFBP-1-EGFP is a functional IGFBP (Fig. 5A Right) . This binding is specific because the band was completely displaced by the addition of an excess amount of unlabeled IGF-1 (data not shown).
To determine whether elevated IGFBP-1 mediates the hypoxia effect, a series of gain-of-function studies were performed. As shown in Fig. 5B , overexpression of IGFBP-1 reduced embryo size to 83% of the control under normoxia. Overexpression of IGFBP-1 also slowed down the developmental rate, as indicated by the significantly reduced HTA (Fig. 4C) . The body length in the IGFBP-1-plus-MO group was indistinguishable from that of the control group under hypoxia and significantly smaller than the MO group in hypoxia. Likewise, IGFBP-1 overexpression reversed the effects of MO in development as indicated by the reduction in HTA (Fig. 5C ). We also examined the effects of loss and gain of IGFBP-1 on heart and head skeleton development. As shown in Fig. 5D , the looping of the developing heart and the positions of the mandibular and hyroid arches in the MO group under hypoxia were similar to those of the control group under normoxia. Overexpression of IGFBP-1-EGFP restored these delays. The positions of the mandibular and hyroid arches and the heart structure of the IGFBP-1-plus-MO group were similar to those of the control group in hypoxia.
IGFBP-1 Inhibits IGF Action in Cultured Embryonic
Cells. The mode of action of IGFBP-1 was examined in vitro by using cultured zebrafish embryonic cells. As shown in Fig. 5E , IGF-1 or IGF-2 (100 ng͞ml) resulted in a 6.0 Ϯ 0.5-and 4.9 Ϯ 0.8-fold increases in the number of divining cells over the control, respectively (P Ͻ 0.05). Addition of purified fish IGFBP-1 at an equimolar concentration (400 ng͞ml) inhibited IGF-1-or IGF-2-stimulated cell proliferation by 60% and 58%, respectively. These inhibitory effects were statistically significant (P Ͻ 0.05). IGFBP-1 itself had no effect on cell proliferation (Fig. 5E) , suggesting that IGFBP-1 does not directly regulate zebrafish cell proliferation. We postulated that IGFBP-1 might act by binding to and sequestering the actions of IGFs. To test this idea, IGF and IGFBP-1 were added to the cells at a 2:1 and 4:1 molar ratio. As shown in Fig. 5E , the inhibitory effect of IGFBP-1 on cell proliferation was diminished when IGF-1 or IGF-2 was added to the cells at a 4:1 molar ratio.
Discussion
In this study, we show that chronic hypoxia treatment results in significant embryonic growth retardation and developmental delay in zebrafish, concomitant with a significant increase in IGFBP-1 mRNA and protein levels. Overexpression of IGFBP-1 reduced the growth and development rate under normoxia conditions, and targeted knockdown of IGFBP-1 abrogated the hypoxia-caused growth retardation and developmental delay. Furthermore, reintroduction of a MO-resistant IGFBP-1 to the IGFBP-1 knockdown embryos restored the hypoxia effects. These findings demonstrate a clear causative relationship between elevated IGFBP-1 expression and hypoxia-induced embryonic growth and developmental retardation and have provided unequivocal evidence supporting the hypothesis that IGFBP-1 plays a key role in mediating the hypoxic effects on embryonic growth and development.
Our data show that oxygen availability has a profound impact on embryonic growth. Hypoxia exposure for 18-24 h significantly reduced body size, as it does to human and other mammalian fetuses. Our results further reveal that hypoxia also causes significant delays in embryonic development. This conclusion is supported by the reduced somite number and HTA and by the delayed heart and craniofacial skeleton morphorgenesis. Whole-mount in situ hybridization suggests that hypoxia delays the morphogenesis of these organs but does not cause patterning abnormality. In fact, the hypoxia-caused growth and developmental retardation is a reversible process. After transferring back to normal oxygen environment, the embryos can ''catch up'' and become nearly indistinguishable from the control group (S.K. and C.D., unpublished data). This catch-up growth pattern is also observed in IUGR infants and rodent models, and the catch-up growth is often associated with higher serum IGF-1 levels (33, 34) . In contrast, zebrafish embryos enter suspended animation, and the developmental processes and cell division are stopped under anoxia (35) .
In developing zebrafish embryos, IGFBP-1 mRNA is expressed at very low levels in many tissues in earlier stages but become liver-specific in advanced embryos after the liver primordium is formed (26) . The induction of IGFBP-1 expression by hypoxia is operative at both stages: first in multiple embryonic tissues and then only in the liver. The induction appears to be specific to IGFBP-1 because all of the other IGF-signaling system components examined, including IGF-1, IGF-2, IGFBP-2, IGFBP-3, IGFBP-5, and IGF-1 receptor, show little change under hypoxia. These findings are consistent with previous studies performed in mammalian and teleost species (15-17, 26, 36) . No significant changes were found in serum levels of IGF-1 and IGF-2 under hypoxia in ovine fetus (15) . Although immunoreactive IGF-1 and IGF-2 were detected in teleost embryonic tissues by immunohistochemistry (37, 38) , it is unclear whether hypoxia changes the levels of IGF peptides. A well characterized pathway of hypoxia-induced gene expression is the transcription factor HIF-1 and its close relatives HIF-2 and HIF-3 (39). To date, many hypoxia-regulated genes have been reported in mammals, and the majority of these genes appear to be under HIF-1 control (39). Tazuke et al. (16) reported that the human IGFBP-1 gene contains three consensus HIF response elements (HRE) in its intron 1, one of which is functional and responsible for its hypoxiainduced up-regulation when tested in cultured human hepatoma (HepG 2 ) cells. Zebrafish IGFBP-1 promoter contains several putative HIF response elements (40) . In addition, treatment of zebrafish embryos with CoCl 2 , a chemical inducer of HIF-1, significantly increased IGFBP-1 mRNA levels (S.K. and C.D., unpublished data), suggesting that the HIF pathway may be involved in the induction of IGFBP-1 expression by hypoxia in zebrafish embryos.
Our gain-and loss-of-function analysis results provide strong evidence supporting the theory that IGFBP-1 plays an important role in mediating hypoxia-caused growth and developmental retardation. Overexpression of a functional IGFBP-1 fusion protein reduced the embryo size to 83% of the control size under normoxia. This result is similar to the reduced birth size in IGFBP-1 overexpressing mice (20, 21) . Overexpression of IGFBP-1 also slowed down the developmental rate to a degree similar to that of the hypoxia treatment. Therefore, IGFBP-1 is sufficient to induce growth retardation and developmental delay. Furthermore, targeted knockdown of IGFBP-1 significantly alleviated the hypoxiainduced growth retardation and developmental delay. To our knowledge, this study is the first to provide in vivo evidence for a requirement of IGFBP-1 in mediating hypoxia-caused growth and developmental retardation in a vertebrate embryo. Knockdown of IGFBP-1 significantly but only partially (43-65%) alleviated the hypoxia-caused growth retardation and developmental delay. This observation indicates that IGFBP-1 is probably one of many genes involved in hypoxia-induced embryonic growth and developmental retardation. In support of this view, a recent microarray analysis study reports a number of genes known to be important in cell cycle (cyclin G 1 and histone 3), protein synthesis (ribosomal proteins), and metabolism regulation (ATP synthase) are regulated by hypoxia in zebrafish embryos (41) .
Numerous in vitro studies have shown that IGFBP-1 inhibits IGF actions in cultured human cells and in transgenic mice (18) (19) (20) (21) (22) 30) . In this study, we show that fish IGFBP-1 inhibited IGF-stimulated zebrafish embryonic cell proliferation, although fish IGFBP-1 itself had no mitogenic activity. This inhibitory effect was abolished when IGF-1 or IGF-2 was added in molar excess. Because the IGF-1 receptor mediates the biological actions of IGFs and because IGFBP-1 bind to IGFs with high affinity, the inhibitory effects of IGFBP-1 can be rationally attributed to its competition for the ligand with the IGF-1 receptor (42) . The lack of ligand-independent activity in fish IGFBP-1 is consistent with the fact that fish IGFBP-1 does not contain an RGD motif (26, 43) . In contrast, human IGFBP-1 contains a functional RGD motif, which can interact with integrin and is responsible for its IGF-independent activity on cell migration (44) .
It is of interest to note that knock down of IGFBP-1 did not alter the growth and development rate under normoxia condition. This observation is consistent with recent reports showing that IGFBP-1 knockout mice exhibited normal growth and development under a normal oxygen environment (45, 46) . This lack of effect is in agreement with the observation that IGFBP-1 mRNA and protein levels are low under normal oxygen conditions. Therefore, the growth and developmental inhibition by IGFBP-1 may be in an ''off'' mode when there is ample oxygen, thus favoring fast growth and development. The induction of IGFBP-1 expression by hypoxia may be an evolutionally conserved physiological mechanism to restrict the IGF-stimulated growth and developmental process under stressful conditions. In addition to hypoxia, the IGFBP-1 gene is also highly responsive to food deprivation, malnutrition, stress, and chronic diseases in a wide variety of vertebrate species ranging from teleosts to humans (18, 47) . Because these stressful and catabolic conditions lead to adaptive changes in metabolic reorganization, such as the activation of the anaerobic ATPgenerating pathway (glycolysis), the adaptive significance of the IGFBP-1 up-regulation may be to divert important energy resources away from growth and development toward those metabolic processes essential for survival.
